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ABSTRACT: The RM3 regional climate model is used to simulate the west African summer monsoon for six
June–September seasons using NCEP reanalysis data for lateral boundary forcing. The study compares the performance
of the previously published 16-level version with a newly tested 28-level version, both running on a horizontal grid
with 0.5° spacing, in order to determine what improvements in simulations are achieved by increased vertical resolution.
Comparisons between the performances include diagnostics of seasonal mean precipitation rates and circulation, vertical
profiles of cumulus heating rates, frequencies of shallow and deep convection and diagnostics related to transient African
easterly waves (AEWs). The characteristics of a composite AEW simulated at both vertical resolutions are presented. Results
show that the most significant impact of increasing the vertical resolution is stronger circulation, stronger vertical wind
shear and higher amplitude AEWs. The simulations with higher vertical resolution also achieve higher peaks of cumulus
latent heating rates. Spatial–temporal correlations between simulated daily 700 mb meridional winds versus corresponding
NCEP reanalysis data and simulated daily precipitation versus estimates from the Tropical Rainfall Measurement Mission
(TRMM) archive were equally high at both vertical resolutions. Copyright  2007 Royal Meteorological Society
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1. Introduction

This article analyses aspects of the simulated June–
September west African monsoon (WAM) climate, with
particular attention to the characteristics of African east-
erly wave disturbances (AEWs). Simulations are made
with a regional/limited area model (LAM) on a 0.5°

latitude by longitude grid, integrated at two vertical
resolutions, at 16 and 28 vertical levels, respectively.
The regional model is referred to as RM3 since it has
undergone two major improvements (Druyan et al., 2004;
Druyan and Fulakeza, 2005) since its first application to
WAM studies (Druyan et al., 2000, 2001).

The impact of the increased vertical resolution is eval-
uated by comparing simulations to each other and to
empirical evidence in order to better appreciate the rel-
evance of results to the real world. Druyan et al. (2006)
previously used lateral boundary conditions from NCEP
reanalysis (hereafter NCPR) to drive RM3 summertime
WAM simulations. Such dynamic downscaling of the
reanalysis creates mesoscale resolution data sets (e.g.
Leung et al., 2004). The downscaling is not an interpo-
lation of the forcing analysis because the RM3 integrates
the governing equations on a finer grid and also benefits
from a higher resolution distribution of terrain topography
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and land surface (LS) characteristics. Accordingly, down-
scaled representations of the climate can be quite different
from the driving analysis. Druyan et al. (2006) showed
that NCPR-driven RM3 simulations produce time-space
distributions of WAM precipitation that are highly corre-
lated with Tropical Rainfall Measuring Mission (TRMM)
daily estimates in continuous 4-month summer simula-
tions with no perceptible deterioration trend. However,
RM3 daily precipitation rates generally had a smaller
range than corresponding TRMM data. The simulations
achieved too few very high and very low rates.

The summer WAM climate features a northward merid-
ional temperature gradient over west Africa that cre-
ates a westward-directed vertical wind shear (thermal
wind). Accordingly, near-surface monsoon southwester-
lies reverse direction with altitude, ultimately creating
the mid-tropospheric African easterly jet (AEJ). The AEJ
core is formed by a reversal of the meridional tempera-
ture gradient above 700 mb, which in turn is enhanced
by latent heat release within the convective towers of
the Intertropical convergence zone (ITCZ) and dry con-
vection to the north (Thorncroft and Blackburn, 1999).
Vertical wind shear below the AEJ is a source of energy
for the growth of AEWs. In order to simulate realistic
AEWs, models must achieve realistic representations of
the thermal structure and the AEJ.

Mid-tropospheric transient AEWs have a role in mod-
ulating the precipitation of west Africa during the sum-
mer monsoon season (Reed et al., 1977; Duvel, 1990;
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Druyan et al., 1996; Lavaysse et al., 2006). Much of the
Sahel’s seasonal rainfall occurs in organized squall lines
(Lamb and Peppler, 1991) and many of them are imbed-
ded within AEWs (Fortune, 1980; Landsea and Gray,
1992), so these synoptic disturbances are quite relevant to
the local climate variability (Ward et al., 2004). Refined
understanding of AEW behaviour and characteristics will
contribute to improved regional planning as well as to
advancing the prospects of seasonal forecasting. Given
the centrality of the AEJ and AEW in the evolution of the
summertime climate over west Africa, models are chal-
lenged to produce realistic simulations, but high spatial
resolution is a definite asset.

Diedhiou et al. (1999) investigated the properties
of AEWs based on NCPR and European Center for
Medium-range Weather Forecasts (ECMWF) daily
reanalysis data. Significant differences were evident in
results from the NCPR versus the ECMWF data sets. No
attempt was made to relate perceived inter-annual trends
in circulation to the inter-annual variability of WAM pre-
cipitation. Both the NCPR and ECMWF reanalyses used
by Diedhiou et al. (1999) to construct their multi-year
AEW climatology represent meteorological variables on
2.5 by 2.5° grids, based on model simulations that resolve
gradients and terrain slopes on equivalent grid intervals of
about 210 and 125 km, respectively. Even though repre-
sented at the same resolution, analysed wave properties
differed between the two systems, probably because of
model dependence.

Druyan et al. (2006) discussed the results of six
June–September RM3 simulations over west Africa,
which used NCPR for lateral boundary conditions. The
horizontal grid for the simulations had 0.5° spacing and
the primitive equations were integrated at 16 vertical
sigma levels. Spectra of RM3 700 mb meridional wind
(v7) time series showed peaks for 3–6 day periods over
swaths of the model domain related to the westward prop-
agation of AEWs, in particular along 17 and 4 °N. Many
AEWs were associated with significant rainfall. In fact,
precipitation time series exhibited similar periodicities as
v7, with spectral peaks at 4–5 day periods. The timing
of mid-tropospheric waves in these RM3 simulations was
highly correlated with their timing in NCPR. However,
RM3 v7 fluctuations had a consistently smaller range than
corresponding NCPR or ECMWF v7 time series, indi-
cating that RM3 AEWs had lower amplitudes. Negative
impacts of this deficiency on other simulated variables
were not investigated, but subsequent tests suggested that
increased vertical resolution could have a positive effect
on wave amplitudes.

The current study was motivated by the hypothesis
that higher vertical resolution would improve the RM3
simulation of AEW amplitudes and associated precip-
itation rates, thereby also improving the simulation of
the seasonal WAM and its variability. The advantages of
increased vertical resolution for WAM simulations have
not been previously discussed in the literature.

GCM (Hadley Centre Atmosphere General Circulation
Model–HadCM3) experiments by Inness et al. (2001)

showed that increasing model vertical resolution created
differences in the variability of simulated tropical upper
tropospheric zonal winds associated with the Madden-
Julian Oscillation (MJO). In simulations made at the
lower vertical resolution of 19 levels, minimal variability
was realized. Increasing the vertical resolution to 30
levels achieved an increase in the amplitude of zonal
wind fluctuations associated with the MJO sufficient
to match observational evidence. Inness et al. (2001)
speculated that the improvement resulted from stronger
upper tropospheric westerlies in the 30-level version,
which in turn promote more efficient wave propagation
from the extra-tropics. A stronger simulated AEJ would
similarly have an important impact on AEWs. The
present study examines the results of repeating the
Druyan et al. (2006) RM3 simulations with increased
vertical resolution. The article analyses the impact of
increasing the number of model sigma levels from 16
to 28 on the representation of the summer WAM, and
especially on the AEJ and AEWs.

2. Model and experiments

The study compares results from the 16-level version
(hereafter RM3.16L or just 16L) with simulations made
using the identical model, except with 28 vertical sigma
levels (hereafter RM3.28L or just 28L). Table I shows the
sigma levels at which geopotential height is computed
and their nominal pressures for each version, showing
that the resolution between 1000–100 mb was increased
from 11 to 20 levels. Druyan et al. (2006) described
the important components of the newest third-generation
version, RM3, so only a brief description is given here.
The RM3 uses the same LS process model used in
the GISS GCM (Rosenzweig and Abramopoulos, 1997;
Hansen et al., 2002). The LS model consists of two
integrated parts, the soil and the canopy, and it conserves
water and heat while simulating their vertical fluxes.
The RM3 modelled soil is divided into six layers to a
depth of 3.5 m, and the model distinguishes between five
textures of soil. The canopy, modelled as a separate layer
located above the soil, is responsible for the interception
of precipitation, evaporation of accumulated water and
removal of soil water through transpiration.

The Del Genio and Yao (1993) moist convection
parameterization and the Del Genio et al. (1996) scheme
for the effects of cloud liquid water have also been incor-
porated into the RM3. These are components originally
developed for the GISS GCM, which has already been
extensively applied to climate sensitivity studies (e.g.
Hansen et al., 2002). The cloud liquid water scheme
allows for life cycle effects in stratiform clouds and
permits cloud optical properties to be determined inter-
actively.

Fritsch and Carbone (2004) noted serious deficiencies
in the current technology of modelling moist convec-
tion that is used as the basis for warm-season quanti-
tative precipitation forecasting. Nevertheless, the RM3
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Table I. Vertical model levels of σ = p/ps. Nominal
pressures of sigma levels are shown for ps = 1000 mb.

RM3.16L RM3.28L

Sigma Pressure
(mb)

Sigma Pressure
(mb)

0.020 20 0.010 10
0.030 30 0.020 20
0.050 50 0.050 50
0.070 70 0.060 60
0.125 125 0.070 70
0.225 225 0.080 80
0.325 325 0.101 101
0.425 425 0.151 151
0.525 525 0.201 201
0.625 625 0.251 251
0.700 700 0.302 302
0.775 775 0.352 352
0.850 850 0.402 402
0.925 925 0.452 452
0.975 975 0.503 503
1.0 1000 0.553 553

0.603 603
0.653 653
0.704 704
0.754 754
0.804 804
0.854 854
0.879 879
0.905 905
0.930 930
0.955 955
0.980 980
1.0 1000

simulates time-space patterns of westward-propagating
precipitation swaths that compare quite favourably with
daily estimates from TRMM satellite data after an ini-
tial spin-up of about 6 days (Druyan and Fulakeza,
2005).

In the experiments described here, lateral boundary
conditions (LBCs) are obtained from NCPR data four
times daily. These externally specified field values are
then merged with forecasted variables produced by the
RM3 by weighting them with progressively decreas-
ing weights inward within a buffer zone that com-
pletely surrounds the domain of interest, 35 °N–20 °S,
35 °W–35 °E (see, for example, Figure 2, below). Addi-
tional details for merging LBCs are described by Druyan
et al. (2001).

This study examines six 4-month simulations, June–
September (JJAS), 1998–2003, all initialized with NCPR
atmospheric conditions, soil moisture and sea-surface
temperatures on 15 May. These are years for which
validating TRMM precipitation estimates were available
for the original Druyan et al. (2006) study. Here, an
additional data set for precipitation validation is ref-
erenced. National Oceanic and Atmospheric Adminis-
tration/Climate Prediction Center (NOAA/CPC) for the

Famine Early Warning System (FEWS), version 2, pro-
vides relevant gridded estimates of precipitation rates
for June–September 2001–2003, based on combining
rain gauge and METEOSAT remote radiometric mea-
surements (hereafter CPC/FEWS). Herman et al. (1997)
explained the methodology, but version 2 was only imple-
mented in 2000.

Section 3 discusses the results of the study, addressing,
in order, the mean circulation, circulation variability, the
mean precipitation, precipitation variability, the structure
of a composite AEW and cumulus convection character-
istics.

3. Results

3.1. Mean circulation features

Figure 1(a) shows a latitude-pressure cross-section of
the RM3.28L zonal wind along 0° longitude, for JJAS
1998–2003. Figure 1(b) shows the corresponding field
for the RM3.16L and Figure 1(c) for NCPR. Results
for 28L differ from 16L and NCPR mainly regarding
the core speed of the AEJ, while they agree that this
core is at 600 mb. With the much stronger vertical wind
shear of the 28L, its core easterlies are about 4 m s−1

stronger. Positive vertical shear above the jet core is
also stronger for 28L. Near-surface zonal winds for 28L
show good agreement with NCPR. Compared to the
28L results, the 16L mid-tropospheric zonal winds better
resemble NCPR, but the 16L monsoon westerlies and
Harmattan easterlies at 925 mb are about 1 m s−1 weaker
than indicated by NCPR. Figure 2 shows that within the
diagonal that marks the 700 mb extension of the AEJ
over west Africa, the 28L zonal wind jet core is about
10% more extreme than NCPR. Since 28L easterlies
are also stronger over the equatorial Atlantic and the
Gulf of Guinea, gradients south of the AEJ (over Gulf
of Guinea coastal states) are weaker than for NCPR.
The AEJ core is about 2 m s−1 weaker in the 16L
simulation, which is even weaker than in NCPR. The
gradient south of the 16L AEJ is also weaker than for
the 28L.

A zone of maximum vorticity variance is created along
a trajectory of transient cyclonic disturbances. Accord-
ingly, Reed et al. (1988) deduced AEW trajectories based
on gridded data from ECMWF analysis and forecasts
projected on a 3° by 3° latitude–longitude grid by map-
ping the 700 mb vorticity variance filtered for 2.9–4.0
and 2.9–4.7 day periods. Their analysis was confined
to August–September 1985 and their Figure 4 showed
a northerly AEW track along 21 °N as well as a more
southerly one between 12–15 °N. Subsequently, Thorn-
croft and Hodges (2001) tracked AEW vorticity maxima
at 600 and 850 mb over west Africa and the Atlantic
Ocean during the 20-year period 1979–1998. They used
ECMWF analyses created by assimilating observations
at a similar horizontal resolution (T42 or about 2.8°),
showing the most frequent trajectories crossing west
Africa along approximately 10 °N. Druyan et al. (2006)
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Figure 1. Cross-sections of zonal winds (m s−1) along 0° longitude,
for June–September 1998–2003. (a) RM3.28L, (b) RM3.16L and

(c) NCPR (courtesy NOAA/CDC).

showed spatial distributions of variances of 700 mb vor-
ticity time series (four times per day) from 1 August
to 30 September (AS), filtered for 3–6 day periods
from each season simulated by the 16-level RM3. The
distribution for AS 1998 indicated one AEW trajectory
along 21 °N, and a second near 13 °N, similar to the
Reed et al. (1988) results for 1985. In fact, the pat-
terns for 5 of the 6 years (except AS 2000) also implied
dual tracks. During AS 1999, the southernmost maxima
implied a diagonal AEW path crossing from 6–13 °N,
similar to the Thorncroft and Hodges (2001) results that
consider vorticity maxima. The AS 2000 and AS 2002
data implied very distinct tracks closely following 11 and
15 °N, respectively. Vorticity variance amplitudes were
particularly strong for AS 2001 over Atlantic coastal
waters.

Figure 3(a) and (b) shows the spatial distributions of
vorticity variance, from JJAS 2003 700 mb vorticity time
series simulated by RM3.28L and RM3.16L, and filtered
to include only 3–6 day periodicities. Results from both
models indicate AEW tracks along 16 and 9 °N. The

(a)   28L
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Figure 2. Horizontal distributions of zonal winds (m s−1) at 700 mb,
for June–September 1998–2003. (a) RM3.28L, (b) RM3.16L and

(c) NCPR (courtesy NOAA/CDC).

RM3.28L vorticity variances are about 65% stronger
than the RM3.16L vorticity variances. In fact, the higher
amplitudes detect AEW tracks in 28L that begin further
east, near 0° longitude. Maximum vorticity variances in
both cases imply a strengthening of the cyclonic systems
as they move out over Atlantic coastal waters. Since
the vorticity tracks change from season to season, the
six-season composite is not very informative. In order
to appreciate the inter-annual variability, Figure 3(c) and
(d) shows north–south transects of the simulated 700 mb
vorticity variance along 15 °W for each of the six seasons.
Peaks occur at the latitudes where AEW tracks intersect
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Figure 3. Variance of JJAS 700 mb vorticity time series (×10−10 s−2) (4× per day) filtered to include 3–6 day periods (a) RM3.28L horizontal
distribution for JJAS 2003, (b) RM3.16L horizontal distribution for JJAS 2003, (c) and (d) North to south transects for each JJAS along 15 °W,

for 28L and 16L simulations, respectively.

15 °W. In addition to the aforementioned tracks along
16 and 9 °N, peaks indicate AEW traversals during
other years at 14 and 11 °N. JJAS 2000, on the other
hand, is not distinguished by strong vorticity variance,
indicating either fewer or weaker AEWs during that
season. The corresponding transects for 16L (Figure 3(d))
show implied AEW tracks that parallel the 28L results,
but all of the 28L magnitudes are at least 50% higher.

3.2. Circulation variability

Observations show that AEWs often feature closed
cyclonic circulations in the lowest atmospheric layers,
which are associated with open wave structures near
700 mb. AEWs that traverse west Africa cause periodic
wind fluctuations, most prominently in the meridional
component of the circulation. Amplitudes of these fluc-
tuations are strongest in the mid-troposphere, usually at
about 700 mb, south of the AEJ, although according to
Pytharoulis and Thorncroft (1999), at lower altitudes far-
ther north.

Figure 4 shows Hovmöller time-longitude plots of
700 mb meridional wind components (v7), averaged over
5–15 °N, for July–August 2002. V7 has been plotted once
daily (at 12 UT) for RM3 at each of the two vertical
resolutions and these distributions are compared to corre-
sponding NCPR and ECMWF 40-year reanalysis (ERA-
40) July–August (JA) 2002 data. Patterns of westward-
propagating centres of alternating southerly and northerly

circulation are prominent in each analysis, and the timing
of these bands for each data set is closely synchronized
with the others. The v7 extremes are generally several m
s−1 higher in August than in July. The slopes of the alter-
nating positive and negative bands imply AEW westward
speeds of 5° –10° per day (5.8–11.6 m s−1), and longi-
tudinal distances between adjacent maxima or minima
imply wavelengths of about 25° (approximately 2500 km)
and 3–5-day periods. Reed et al. (1988) also deduced
2500 km AEW wavelengths from ECMWF data gridded
with 3° spacing, but the finer RM3 computational grid
allows more precise estimates. These speeds, periods and
wavelengths are representative of estimates from previ-
ous empirical studies (Burpee, 1972; Reed et al., 1977;
Druyan et al., 1996). Note the occasional differences in
the timing/location of v7 extremes between the NCRP
and ERA-40 representations, even though they are both
partially based on observations. Despite the great con-
gruities in the timing of v7 extremes, RM3.16L v7 clearly
show a smaller range of (positive and negative) val-
ues than v7 of RM3.28L, NCPR and ERA-40. Similar
Hovmöller time–longitude distributions of the daily 12
UT v7, averaged over 5–15 °N, were constructed for all
months of July and August, except that ERA-40 data was
not available for 2003. Comparisons for the other years
were consistent with this evaluation for JA 2002, as can
also be seen in Table II. The Table II gives the corre-
lation coefficient between corresponding v7 values from
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(a)     28L (b)        16L

Figure 4. Hovmöller time-longitude distributions of 700 mb meridional wind (v7) daily at 12 UT, averaged over 5–15 °N, during July–August
2002. (a) RM3.28L simulation, (b) RM3.16L simulation, (c) NCPR (courtesy NOAA/CDC), (d) ERA-40 (courtesy ECMWF).

each time–longitude distribution and standard deviations
of v7 from each of the two model versions, NCPR and
ERA-40. For this comparison NCPR and ERA-40 data
were interpolated to the 0.5° grid. Note that increasing
the vertical resolution of the RM3 increases the standard
deviation of v7 on the average from 75% of the NCPR
value to about 93%. On the other hand, the vertical res-
olution seems not to affect the correlations with either
NCPR or ERA-40.

Table II indicates that the RM3 Hovmöller time-
longitude distributions of daily v7 are consistently corre-
lated (six-season average, r = 0.98) with the correspond-
ing NCPR v7. The correlations are noteworthy because
no NCPR v7 data are provided to the simulations within
the area covered by these distributions. Table II shows,
however, that NCPR v7 are imperfectly correlated with
ERA-40 v7. Accordingly, correlations of model v7 with
corresponding ERA-40 v7 are lower than against NCPR
v7 (although statistically significant) and they reflect the
disparities between the two reanalysis data sets. These

results show the sensitivity of the regional model result
to the driving data.

Do NCPR data that form the LBC along the east-
ern boundary of the domain already contain AEWs?
The periodicity of successive AEWs can be monitored
by Fast Fourier Transform (FFT) analysis of v7 time
series for entire seasons. Figure 5(a) shows the spectra
of NCPR v7 JJAS 2003 time series at 15 °N, 35 °E.
This distribution has a very narrow spectral peak for
5-day periodicity that barely exceeds the threshold for
95% statistical significance. The peak perhaps repre-
sents incipient AEWs, but spectral amplitudes within the
remainder of the period range associated with AEWs
(roughly 3–6 days) are low. By way of contrast, the spec-
tra of the 28L JJAS 2003 v7 simulation at 15 °N, 10 °W
(Figure 5(b)) includes considerably higher amplitudes for
periods between 3.5–4.5 days that are above the 95% sig-
nificance threshold. Figure 6 shows diagnostics related to
AEW activity based on model simulated v7 and 700 mb
vorticity time series along an east-west transect near
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(d)        ERA(c)        NCPR

Figure 4. (Continued).

Table II. Standard deviations and correlation coefficients between Hovmöller time–longitude distributions of v7 during
July–August, as in Figure 4, but for JA 1998–2003. ∗5-year means, since ERA-40 data not available for 2003.

Statistic
season

cc, 28L
vs. NCPR

cc, 16L
vs. NCPR

cc, 28L
vs. ERA

cc, 16L
vs. ERA

cc, NCPR
vs. ERA

σ 28L
m s−1

σ 16L
m s−1

σ NCPR
m s−1

σ ERA
m s−1

1998 0.98 0.98 0.53 0.54 0.53 2.7 2.2 3.0 2.5
1999 0.98 0.98 0.61 0.63 0.61 2.6 2.1 2.9 2.6
2000 0.98 0.97 0.69 0.68 0.69 2.4 2.0 2.8 2.3
2001 0.97 0.99 0.73 0.72 0.72 2.5 2.0 2.0 2.4
2002 0.99 0.98 0.56 0.56 0.57 2.5 2.0 2.8 2.7
2003 0.98 0.98 – – – 2.7 2.1 3.0 –
6 year 0.98 0.98 ∗0.62 ∗0.63 ∗0.62 2.6 2.1 2.8 ∗2.5

15 °N. Vorticity variance and spectral amplitudes aver-
aged for 3–6 day periods dramatically increase from east
to west, approximately doubling in value between 30 °E
and the African coast (17 °W). This demonstrates that

AEWs develop and strengthen within the RM3 domain.
Moreover, NCPR lateral boundary values of these two
diagnostics along 35 °E are similarly low. One can deduce
that the meteorological data used for LBC (represented
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Figure 5. Spectra of JJAS 2003 time series (four times per day): (a) NCPR v7 at 15 °N, 35 °E, (b) RM3.28L v7 at 15 °N, 10 °W. The threshold
for 95% statistical significance is indicated.

here by NCPR) provide the ‘raw ingredients’ by which
AEWs are generated, developed and propagated. The
influences of topography and energy fluxes from land
surfaces are also undoubtedly important. The high corre-
lation between the respective Hovmöller time-longitude
distributions of daily v7 indicates that the integrated RM3
treatment of AEWs parallels that of the NCPR model
in their respective simulations in that the two models
produce waves with the same timing. In addition, any
observational input to the NCPR apparently sustains the
RM3 interpretation. The limited correlations between v7
of ERA-40 versus NCPR and ERA-40 versus RM3 are a
consequence of differences between the ERA-40 analysis
model versus NCPR and the RM3, possible differences
in observational data assimilated by ERA-40 and NCPR
and the contrasting evolutions of v7 along 35 °E.
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Figure 6. Longitudinal variations of two AEW diagnostics averaged
over 13–18 °N. Spectral amplitudes are for 3–6 day periods from
RM3.28L v7 JJAS 2003 time series. Vorticity variances are for
corresponding 700 mb vorticity time series filtered to include 3–6 day
periodicities. NCPR values (dot is spectral amplitude, square is vorticity
variance) are computed from NCPR data interpolated to the 0.5° grid.

Based on time series with four times per day sampling.

Figure 7 compares RM3.16L and RM3.28L FFT spec-
tra for v7 JJAS 2003 time series at two grid elements.
Spectral signatures at each location are almost identical
for the two simulations, but 28L amplitudes are higher.
At 15 °N, 10 °W both versions show a prominent peak
for the 4.3 day period, and at 5 °N, 17 °W for the 3.7 day
period. In both cases the 28L spectral peak is about
18% higher than the 16L spectral peak. This is con-
sistent with higher 28L v7 oscillations discussed above.
The considerable energy for v7 fluctuations within the
interval of 3.5–5 day periods is consistent with earlier
results (Burpee, 1972; Reed et al., 1977; Druyan et al.,
1996). In addition, at 15 °N, 10 °W there is a prominent
and statistically significant spectral peak for the 8.6 day
period for both v7 series, showing evidence that the RM3
simulations are generating 6–9 day period waves that
Diedhiou et al. (1999) documented in reanalysis data.
Figure 8 compares the inter-annual variability of v7 spec-
tral amplitudes at 15 °N, 10 °W for both versions of the
RM3. Spectral amplitudes are consistently highest in the
range of 3.5–6 day periods, but 5.5 day period spectral
amplitudes for JJAS 2000 were 15–35% weaker than for
other seasons, implying less AEW activity. Figure 3(c)
and (d) showed that vorticity variance along 15 °W was
also quite low during JJAS 2000. The 28L spectra have
higher amplitudes than the 16L spectra for all periods
and all summer seasons.

Spatial patterns of spectral amplitudes averaged over
3–6 day periods for JJAS 2003 shown in Figure 9 are
somewhat different from the vorticity variance distri-
butions shown above in Figure 3, although the max-
ima also imply AEW tracks over 9 and 16 °N. Com-
parison of Figure 9(b) to Figure 9(a) shows that 28L
spectral amplitudes for 3–6 day periods are about 20%
stronger than 16L results. For the other seasons results
sustained the finding that increased model vertical reso-
lution increases spectral amplitudes, but does not change
the spatial pattern. Note, however, that implied AEW

Copyright  2007 Royal Meteorological Society Int. J. Climatol. 28: 1293–1314 (2008)
DOI: 10.1002/joc



IMPACT OF CLIMATE MODEL VERTICAL RESOLUTION ON WEST AFRICAN MONSOON 1301

0

2

4

6

8

10

12

14

16

110

S
pe

ct
ra

l a
m

pl
itu

de

Period (days)

6 4 2

95%

16L: 15°N, 10°W

0

2

4

6

8

10

12

14

16

110

28L: 15°N, 10°W

Period (days)

6 24

S
pe

ct
ra

l a
m

pl
itu

de

95%

0

2

4

6

8

10

12

14

16

110

28L: 5°N, 17°W

Period (days)

S
pe

ct
ra

l a
m

pl
itu

de

95%

46 2
0

2

4

6

8

10

12

14

16

110

16L: 5°N, 17°W

Period (days)

95%

S
pe

ct
ra

l a
m

pl
itu

de

6 4 2

(a) (b)

(d)(c)

Figure 7. Spectra of JJAS 2003 v7 time series (four times per day) at two grid locations for RM3.28L (a) and (c) and RM3.16L (b) and
(d) simulations.

tracks over west Africa were varied from season to sea-
son.

3.3. Mean precipitation

High space-time correlations between RM3.16L daily
precipitation and TRMM data were shown in Druyan
et al. (2006). That study also reported a correlation of
0.73 between RM3.16L simulated time series of daily
precipitation near Niamey versus daily observations from
34 rain gauges during July–September 2000. Figure 10
compares the spatial distribution of RM3 mean JJAS
1998–2003 precipitation for each of the two model
versions to TRMM observations. The axis of maxi-
mum rainfall is observed to be along 10 °N and this
is matched by both versions of the model. The 28L
produces appropriately higher rainfall rates within the
Atlantic ITCZ and along the southwest coast, but its
ITCZ over west Africa is too wide and too rainy. The
16L underestimates Atlantic ITCZ and southwest coast

maxima, but is more consistent with TRMM further east.
Both versions do not have a high enough maximum
at the Cameroon coast. The spatial correlation between
the 28L and TRMM fields in Figure 10 is 0.92, but
between 16L and TRMM a lower 0.88. Figure 10(d)
shows the differences between TRMM and CPC/FEWS
JJAS 2001–2003 rainfall estimates. TRMM estimates of
orographic precipitation along the southwest (Guinea)
and Cameroon highlands are 2–6 mm d−1 greater than
corresponding FEWS estimates. Druyan et al. (2006)
showed that JJAS 1998–2000 precipitation rate estimates
from rain gauge data (New et al., 2002) were up to
6 mm d−1 higher than TRMM over these same areas, so
one cannot easily deduce the actual biases of any par-
ticular data or the simulations. Discrepancies between
the various data sets do emphasize the uncertainties of
precipitation validation over west Africa. Figure 10(d)
also indicates that TRMM estimates were lower than
CPC/FEWS over the Atlantic ITCZ adjacent to Africa.
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28L

16L(b)

(a)

Figure 8. Inter-annual variability of spectral amplitudes, season versus period, for JJAS v7 time series (four times per day) at 15 °N, 10 °W for
(a) RM3.28L and (b) RM3.16L.

3.4. Precipitation variability

3.4.1. Time-latitude Hovmöller of precipitation

During the summer monsoon, RM3 and TRMM data
show that the ITCZ precipitation maximum advances
northward over west Africa until August and then retreats
southward (Figure 11). Both model versions capture this
meridional migration quite well, although the TRMM
distribution is noisier, showing more isolated maxima
and minima than the model. In fact, the six-season mean
distributions in Figure 11(a) and (b) better resemble the
time-space variability of TRMM data archived for 1°

elements (not shown). The 16L moves the precipitation

maximum too far north during late June. Both versions
simulate the northward jump in the heaviest precipitation
from 6 to 10 °N between 1–6 July. Both also produce a
number of precipitation maxima and several interruptions
of the heavy precipitation that match TRMM observations
in both latitude and time. The northern edge of the RM3
precipitation band does not extend far enough northward
during parts of August and September. As an additional
check on validation data, the CPC/FEWS time-latitude
distribution of daily precipitation for JJAS 2001–2003 is
compared to the corresponding TRMM Hovmöller chart
in Figure 12. There is good agreement between these
data sources for the heavy precipitation of early June,
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Figure 9. Spatial distributions of spectral amplitudes averaged over the 3–6 day period interval for v7 JJAS 2003 time series (four times per
day) simulated by (a) RM3.28L and (b) RM3.16L.
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Figure 10. Spatial distributions of JJAS 1998–2003 mean rainfall rates (mm day−1) for (a) RM3.28L (b) RM3.16L, (c) TRMM for 0.5° elements
(courtesy DAAC/NASA GSFC), (d) TRMM minus CPC/FEWS (courtesy NOAA/CPC) for JJAS 2001–2003.

but CPC/FEWS indicates longer interruptions during July
and fewer heavy rain events (>10 mm d−1), especially
during August and September. The higher frequency of
heavy rain events by TRMM in August and September is
more consistent with the RM3 results shown in Figure 11.

3.4.2. Time-longitude Hovmöller of precipitation

Westward moving precipitation areas during the sum-
mer monsoon over west Africa may be associated with
squall lines or AEWs. These transient features show
up as diagonal ‘footprints’ on Hovmöller time-longitude

distributions of the daily rainfall. The precipitation
footprints usually run parallel to the swaths of alternat-
ing positive and negative v7, such as shown in Figure 4.
Figure 13 shows the Hovmöller time-longitude distribu-
tions of the daily rainfall during JA 2003 for the 28L,
16L and TRMM. Similar distributions were prepared
for the other JA periods of the study and the correla-
tion coefficients between all pairs of distributions were
computed (Table III). Note that each distribution is com-
prised of 5642 values (62 × 91). The correlation coef-
ficient between the 28L results shown in Figure 13 and
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Figure 11. Hovmöller time–latitude distributions of 1998–2003 mean daily rainfall (mm), averaged between 15 °W–10 °E at each latitude, from
1 June to 30 September. (a) RM3.28L, (b) Rm3.16L, (c) TRMM for 0.5° elements (courtesy DAAC/NASA GSFC).

TRMM was 0.73 and between the 16L and TRMM, 0.74.
Table III shows that the modelled precipitation rates are
consistently very well correlated in time and space to the
corresponding TRMM data, while the higher vertical res-
olution is responsible for improvements of up to 0.04 in
the correlations. Note that the correlation coefficients are
somewhat lower (although still statistically significant)
for JA 2002 and 2003. This implies limitations in either
the TRMM data for those seasons or in the NCPR
data used to drive the RM3. The RM3 distributions in
Figure 12 capture the diagonal swaths of heavier precip-
itation depicted by TRMM, but several TRMM maxima
are damped.

Figure 14 shows probability density distributions of the
data plotted in each of the three panels of Figure 13.
While almost 30% of the TRMM values are below 2 mm
day−1, the threshold for the lowest 30% of RM3 results
is closer to 5 mm day−1. The 28L generates slightly
fewer very low values than the 16L. In addition, some
5% of TRMM values exceed 19 mm day−1, while the

threshold for the highest 5% of RM3 values is only
about 12 mm day−1. Vertical model resolution made little
difference in the distribution of these daily precipitation
rates, especially for the highest 50%.

Figure 15 shows time–longitude Hovmöller distribu-
tions of the 925 mb circulation divergence for JJAS
2003. Figure 15(a) and (b) gives results for the 28L and
16L, respectively. Bands of westward-propagating con-
vergence are evident throughout the summer, although
they are most distinct in mid-June and during August and
September. From mid-June to early August convergence
is quite weak between approximately 0–10 °E. Druyan
et al. (2006) showed that such lower tropospheric con-
vergence bands only partially coincide with westward-
propagating precipitation swaths associated with squall
lines and AEWs. Figure 15(c) shows the time-longitude
Hovmöller distribution of 28L simulated August 2003
precipitation superimposed on the corresponding 925 mb
divergence. Some areas of heavy rainfall do indeed coin-
cide with strong convergence bands. However, some
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Figure 12. Hovmöller time–latitude distributions of 2001–2003 mean daily rainfall (mm), averaged between 15 °W–10 °E at each latitude,
from 1 June to 30 September. (a) TRMM for 0.5° elements (courtesy DAAC/NASA GSFC), (b) FEWS/CPC for 0.1° elements (courtesy of

NOAA/CPC).

westward-propagating precipitation maxima can be found
outside the areas of strong convergence zones. Note that
convective cells initiated by local surface heating are not
always related to large-scale convergence. On the other
hand, there are several relatively dry areas with con-
vergence, presumably related to low ambient moisture
or only shallow convection. Comparison of Figure 15(a)
and (b) shows parallel patterns for the 28L versus the
16L results, but owing to the generally stronger 28L
circulation, 28L convergence occupies larger time-space
areas on the Hovmöller distribution. This is consistent
with the probability density curves shown in Figure 14
for July–August 2003 daily precipitation, which indicate
slightly higher precipitation rates for 28L than 16L over

the entire range of values. For example, while 95% of
28L values exceed 3 mm d−1, only 80% of 16L values
are above this threshold.

3.5. AEW composite

The structure of corresponding composite AEWs in the
RM3.28L and RM3.16L simulations was studied. Seven
very similar simulated AEW events from four differ-
ent seasons were identified. Each was characterized by a
rather high amplitude north-south trough approximately
oriented along 10 °W. The events were: 9 August and 9
September, 1999, both at 06 UT; 21 August at 06 UT
and 20 September at 12 UT, both 2001; 3 August at 06
UT and 7 August at 12 UT, both 2002; 10 August 2003
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Figure 13. Hovmöller time–longitude distributions of daily rainfall (mm), averaged between 5–15 °N at each longitude for July–August 2003.
(a) RM3.28L, (b) RM3.16L, (c) TRMM for 0.5° elements (TRMM data courtesy DAAC/NASA GSFC).

Table III. Correlation coefficients, means and standard deviations for time–longitude distributions the daily rainfall, such as
shown in Figure 13, but for each JJAS season.

Season cc, 28L
vs.

TRMM

cc, 16L
vs.

TRMM

cc, 28L
vs.

16L

28L
mean

16L
mean

σ 28L σ 16L TRMM
mean

σ TRMM

1998 0.94 0.91 0.92 7.0 6.7 3.9 4.0 7.1 7.9
1999 0.94 0.91 0.93 7.3 7.1 4.1 4.2 7.9 8.1
2000 0.92 0.91 0.94 6.6 5.5 3.4 3.3 6.8 7.1
2001 0.92 0.88 0.90 6.7 6.4 3.4 3.5 6.7 7.1
2002 0.72 0.70 0.88 6.6 6.3 2.7 2.9 6.7 6.7
2003 0.74 0.73 0.88 6.9 6.1 2.8 2.9 6.7 6.4
6 year 0.86 0.84 0.91 6.9 6.4 3.4 3.5 7.0 7.2

at 00 UT. The following discussion describes the three-
dimensional circulation and the precipitation associated
with the composite AEW of the seven events. Character-
istics shared by seven AEWs are more representative than
a single case study. However, the averaging of even slight
differences between the structures of composite members
can moderate extremes and gradients.

The composite RM3.28L 700 mb circulation indicates
a north-south AEW trough along 10 °W (Figure 16(a)).
The v7 distribution for each event closely resembles the

corresponding NCPR field (not shown), indicating that
the same waves occur in the RM3 and the reanalysis.
RM3.28L northerlies west of the trough and southerlies
east of the trough were usually several m s−1 weaker
than corresponding NCPR data in each case. The near-
surface circulation (Figure 16(b)) features on-shore winds
along a considerable extent of the southwest coast of west
Africa south of the vortex. The 700 mb trough for the
corresponding 16L composite (Figure 16(c)) appears to
have a similar amplitude, but the trough line lags several
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Figure 14. Pdf distributions of the data shown on the Hovmöller
time–longitude distributions in Figure 13, for July–August 2003.

degrees to the east, perhaps suggesting a slower propa-
gation speed, consistent with the weaker 16L circulation.

The 16L composite 925 mb cyclonic circulation is also
displaced several degrees to the east (Figure 16(d)), so
the vertical tilt is similar in both versions. The 16L
near-surface cyclone is not as compact and its on-shore
circulation south of the vortex is more westerly than in
the 28L. Figure 17(a) shows the spatial distribution of
the 28L composite vorticity of 700 mb winds. The elon-
gated north-south maximum marks the position of the
composite AEW 700 mb trough. Note the negative vor-
ticity centres that indicate the flanking ridges to the east
and west of the AEW trough. The corresponding 16L
vorticity distribution (Figure 17(b)) indicates about 30%
weaker vorticity extremes.

Figure 18 is a north-south cross-section of zonal wind
anomalies for the 28L and 16L composites relative
to August–September 1998–2003 means along 10 °W,
which is close to the AEW composite trough (see
Figure 16(a), (c)). Composites for the 28L and 16L ver-
sions show that the AEW strengthened the cyclonic circu-
lation within a rather deep tropospheric layer, enhancing
westerlies south of the vortex and easterlies to the north.
In both cases, the centre of positive vorticity is tilted
northward with altitude up to 700 mb. The centre of
positive zonal wind anomalies at 600–700 mb indicates
that the composite wave perturbation represents a weak-
ening of the mean mid-tropospheric AEJ, or at least a

Aug 1

Aug 31
(a) (b) (c)

Figure 15. Hovmöller time–longitude distributions of 925 mb circulation divergence at 12 UT each day, averaged between 5–15 °N. The
−5 × 10−6 s−1 contour is shown. (a) 28L simulation for June–September 2003 (b) 16L simulation for June–September 2003 (c) 28L simulation

for August 2003 with superimposed daily rainfall (mm). Rainfall contours are 7.5, 10 and 15 mm.
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Figure 16. Composite of streamlines from u and v wind components at two vertical levels, averaged for the seven events of the composite (see
text). (a) RM3.28L 700 mb, (b) RM3.28L 925 mb, (c) RM3.16L 700 mb, (d) RM3.16L 925 mb.
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Figure 17. Vorticity of the composite 700 mb circulation from u and v wind components, averaged for the seven events of the composite.
(a) RM3.28L, (b) RM3.16L. Units: ×10−6 s−1.

northward deflection of core speeds. Accordingly, easter-
lies are stronger than the mean across the northern exten-
sion of the AEW near 20 °N. Westerly anomalies in the
28L composite are about 35% stronger than for 16L in the
lower troposphere, although they weaken rapidly above
400 mb. The weaker 16L composite westerly anomalies
peak near 400 mb, and imply a deeper cyclonic circula-
tion.

Figure 19 shows the east-west cross-section of merid-
ional wind (v) anomalies relative to August–September
1998–2003 means along 15 °N where the cyclonic cir-
culation is quite strong up to about 500 mb. Enhanced
northerlies are evident near 15 °W (up to 35% stronger
for 28L) and enhanced southerlies near 3 °W (up to 25%
stronger for 28L). Note that the zero anomaly isopleth,
which is a good proxy for the trough axis, tilts eastward
with altitude. Taken together, Figures 18 and 19 indicate

that the composite AEW tilts towards the northeast with
altitude in the lower troposphere. The basic structure of
composite wind anomalies is the same for the 28L and
16L, but vertical and horizontal wind shears are stronger
for the 28L. For example over 15 °N, the 28L vertical
shear of the v anomaly between 1000 and 600 mb, is
−6 m s−1 compared to −4 m s−1 for 16L. The horizon-
tal shear of the v anomaly across the vortex at 900 mb
between 15 and 7 °W is about 8.5 m s−1 for 28L, but
only about 5 m s−1 for 16L. The largest impact of
increased vertical resolution is the more than doubling
of the southerly wind anomalies at 900 mb east of the
AEW vortex, with slightly weaker impacts throughout
the remainder of the troposphere. The higher vertical res-
olution has made the vorticity especially strong within
the near-surface layers, which can be deduced from the
horizontal wind shears depicted in Figures 18 and 19.
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(a)

(b)

Figure 18. Zonal wind anomalies (m s−1), relative to August–September 1998–2003 means, along 10 °W, averaged for the seven events of the
composite. (a) RM3.28L, (b) RM3.16L.

(a)

(b)

Figure 19. Meridional wind anomalies (m s−1), relative to August–September 1998–2003 means, along 15 °N, averaged for the seven events of
the composite. (a) RM3.28L, (b) RM3.16L.
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A composite precipitation distribution was constructed
as the average of the 28L daily rates on each of the com-
posite’s seven calendar dates. Composite precipitation
rates in Figure 20(a) are highest near 10 °N, 16 °W. The
axis of maximum rainfall is along 10 °N with high rates
within the Atlantic ITCZ and near the southwest coast,
sections of which include orography perpendicular to
the on-shore near-surface circulation (Figure 16(b)). Note
in Figure 20(b) that the composite rainfall is enhanced
relative to August–September means southwest of the
near-surface vortex, conforming to classical models of
AEW structure (Reed et al., 1977). Negative precipita-
tion anomalies occur eastward from the 700 mb trough
and west of the system near the entrance to the next ridge.
Figure 20(c) indicates an almost identical precipitation
anomaly pattern for the 16L composite. In fact, 16L com-
posite precipitation rates (not shown) were systematically
lower than 28L composite rates, but 16L seasonal mean
rates were similarly lower (as for example in Figure 10).
One of the events of the composite, on 10 August 2003,
can be seen in broader context by reference to Figure 13.
It is evident that the event’s rainfall near 15 °W was
the consequence of a westward-propagating precipitation
band originating near 25 °E on 3 August.

Figure 21(b) shows the 925 mb divergence field for the
28L composite. Strong lower tropospheric convergence
occurs on the north side of the cyclonic vortex where the
humidity is too low to support precipitation. This area is
also just west of the 700 mb trough (Figure 16(a)). The
second area of strong convergence is southwest of the
near-surface vortex, overlapping the area of heavy pre-
cipitation rates (Figure 20(a)). The cyclonic centre and
the rest of the rain belt coincide with weaker conver-
gence. The anomalous rainfall attributable to the AEW
along the Atlantic coast occurs within an area of pos-
itive vorticity advection at 700 mb, and strong 925 mb
convergence. While the 28L and the 16L versions of the
200 mb composite divergence field (Figure 21(a) and (c),
respectively) are quite similar, higher vertical resolution
has more of an impact on the near-surface divergence
(compare Figure 21(b) to Figure 21(d)). Instead of values
more extreme than −10 × 10−6 s−1 along the coast from
the rather sharp ITCZ confluence produced by the 28L,
the 16L has generated rather broad westerlies near 10 °N
with a more diffuse confluence and hence divergence less
extreme than −10 × 10−6 s−1. These differences in the
convergence have had no impact on the composite precip-
itation anomalies (Figure 20) because both the composite
and mean precipitation rates are some 15% higher for
the 28L.

Upper tropospheric divergence can be either the con-
sequence of spatially broad areas of moist convection,
or the impetus for the positive vertical motion that pro-
motes convective rainfall. Figure 21(a) and (c) show that
an area of 200 mb divergence for the composite is situ-
ated between anti-cyclonic circulation turning to the north
and circulation turning towards the Equator on the south
side. The heaviest composite precipitation (Figure 20(a))
coincides with this band of divergence aloft, although no
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10N
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Figure 20. (a) RM3.28L precipitation rates, averaged for the seven
events of the composite, (b) RM3.28L anomalies of the composite,
(c) RM3.16L anomalies of the composite. Anomalies relative to

August–September, 1998–2003 means. Units: mm day−1.

localized divergence maxima are evident corresponding
to specific precipitation centres.

3.6. Cumulus convection

The 28 and 16L simulations for JJAS 2003 were rerun
with additional diagnostics that monitor the characteris-
tics of moist convection. The moist convection scheme
computes one set of diagnostics for shallow convection
and a second set for deep convection. Shallow convec-
tion is defined to occur whenever the rising plume does
not penetrate the 700 mb level. In deep convection, the
plume rises at least 450 mb between the cloud base and
top. The diagnostics compute the heating rates from con-
densation within the rising convective plumes for each
of the two categories, shallow and deep convection. In

Copyright  2007 Royal Meteorological Society Int. J. Climatol. 28: 1293–1314 (2008)
DOI: 10.1002/joc



IMPACT OF CLIMATE MODEL VERTICAL RESOLUTION ON WEST AFRICAN MONSOON 1311

20W 10W 0

20N

(a)

(b) (d)

(c)

10N

20N

10N

20W 10W 0

Figure 21. Divergence of u and v averaged for the seven events of the composite and superimposed over the corresponding composite circulations:
(a) RM3.28L at 200 mb, (b) RM3.28L at 925 mb, (c) RM3.16L at 200 mb, (d) RM3.16L at 925 mb. Units: ×10−6 s−1.

addition, the relative frequency of shallow versus deep
convection is also monitored.

Figure 22 shows the vertical profiles of heating
rates averaged over the ITCZ rain band, 5–10 °N,
15 °W–10 °E, for June 2003, August 2003 and for the
entire JJAS season. Individual monthly peaks are between
3 and 4 K day−1, but their levels vary from month to
month. RM3.28L cumulus heating rate peaks are all
greater than corresponding RM3.16L peaks by 10–40%.
There are small differences in the levels of peak heating
owing to the vertical resolution, but no generalization is
suggested by the results. The higher 28L peaks are con-
sistent with greater 28L rainfall rates, as discussed in
Section 3.3.

Table IV shows the frequencies of shallow and deep
convection over the same area for each month and for
JJAS 2003. Except for June, the simulations at higher
vertical resolution experienced higher frequencies of
deep convection, although only by 2–6%. This small
difference cannot account for the higher 28L peaks of
cumulus heating rates.

4. Discussion and conclusion

RM3 climate simulations of six west African sum-
mer monsoon seasons were performed at two vertical
resolutions of the model, but at the same horizontal

Table IV. Monthly and seasonal mean frequencies of moist
shallow and deep convection simulated by the RM3.28L
and RM3.16L during June–September 2003, averaged over

5–15 °N, 15 °W–10 °E.

RM3.28L RM3.16L

Shallow Deep Shallow Deep

June 43 55 43 57
July 38 70 45 64
August 44 76 42 74
September 18 68 17 64
June–Sept 36 67 37 65

resolution of 0.5° grid spacing. A previous study (Druyan
et al., 2006) documented the performance of the 16L
version and here simulations for the same seasons were
repeated with the 28L version. All simulations were ini-
tialized with NCPR atmospheric conditions, sea-surface
temperatures (SST) and soil moisture on 15 May and
driven by NCPR SST and NCPR synchronous atmo-
spheric lateral boundary conditions taken four times per
day throughout each JJAS season. The main difference in
the results was that the 28L produced stronger circulation
within the near-surface monsoon flow and at the level of
the mid-tropospheric AEJ. Additional vertical levels of
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Figure 22. Profiles of cumulus heating rates from shallow and deep moist convection for RM3.16L and RM3.28L for June, August and
June–September, 2003, averaged over 5–10 °N, 15 °W–10 °E.

the 28L allowed greater negative zonal wind shear, result-
ing in a six-season JJAS mean AEJ core speed for the 28L
that was about 4 m s−1 faster than the corresponding 16L
and NCPR data. Stronger near-surface monsoon wester-
lies and Harmattan easterlies of the 28L match NCPR,
while the 16L near-surface circulation is about 1 m s−1

weaker.

Spatial patterns of both 700 mb vorticity variance
and spectral amplitudes of 700 mb meridional wind
(v7) time series for 3–6 day periodicities were almost
identical at the two model resolutions, but the stronger
28L 700 mb circulation produced 50% higher vorticity
variances and 20% higher spectral amplitudes, both of
which are indicators of AEW tracks.
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Time series of v7 averaged over 5–15 °N for the
RM3 at both resolutions were almost perfectly corre-
lated with corresponding NCPR time series. Druyan et al.
(2006) showed that RM3.16L oscillations of v7 caused
by transient AEWs were often only a fraction of cor-
responding NCPR v7 variability. Results here demon-
strate that increasing the model’s vertical resolution to
28L increases the amplitudes of simulated AEWs. Typ-
ical standard deviations of v7 were increased from 75
to 93% of NCPR values. Evidence was presented that
the high correlation between RM3 and NCPR timing and
location of AEW traversals is not a consequence of the
simple propagation of waves from the eastern boundary
through the domain. Rather, the study showed that AEWs
develop and grow in amplitude within the RM3 domain,
manifest by increasingly stronger v7 oscillations, increas-
ingly stronger spectral amplitudes at 3–6 day periods and
increasingly larger vorticity variances that double in mag-
nitude from east to west between 30 °E and 15 °W. The
RM3 develops and propagates the waves in close syn-
chrony with the NCPR model treatment and in agreement
with observations that are assimilated by NCPR.

The 28 and 16L produce somewhat different JJAS
mean precipitation fields. Using TRMM data for val-
idation, the 28L gives the more appropriately higher
Atlantic ITCZ and southwest west Africa coastal maxi-
mums, while the 16L produces more appropriately lower
mean rates over the interior of west Africa. Cumulus heat-
ing rate peaks for both shallow and deep moist convec-
tion within the west Africa precipitation maximum were
also consistently higher for the 28L simulations. These
higher peak heating rates may be supplying some of the
energy for stronger AEWs. Both versions offer a fairly
realistic northward advance of the rain belt during early
summer, although the 28L six-summer means matched
the TRMM advance better during June. Time–longitude
distributions of daily rainfall were correlated with corre-
sponding TRMM estimates with coefficients greater than
0.90 in four out of six seasons. Higher vertical resolution
of the 28L gave only slightly higher correlations, but not
a higher range of values. Both versions produce too few
near-zero events and too few very heavy precipitation
events compared to TRMM. Although 28L featured more
frequent and more spatially contiguous areas of strong
near-surface convergence compared to 16L in the one
season that was examined, precipitation rates were only
marginally increased, and then over the entire range.

A composite AEW composed of seven RM3.28L sim-
ulated wave events was compared to the correspond-
ing 16L composite. It featured an intense cyclonic cir-
culation at 925 mb displaced slightly westward from
a 700 mb trough. Cross-sections of zonal and merid-
ional winds showed that cyclonic vorticity was stronger
than the August–September mean from the surface up
to about 400 mb, with the centre of circulation tilted
towards the northeast with altitude. The 28L version fea-
tured higher vorticity anomalies and higher vorticity at
700 mb. Composite rainfall was anomalously high south-
west of the cyclone vortex and anomalously low east of

the 700 mb trough. The composite precipitation anomaly
pattern was identical for the 28 and 16L versions. The
area of highest anomalous rainfall corresponded to a cen-
tre of extreme low-level convergence in the 28L case
only. The rainiest areas, however, did generally over-
lap 925 mb convergence and 200 mb divergence. The
AEW was shown in one example to be associated with a
westward-propagating swath of precipitation.

This comparison in the performances of the 16 and 28L
versions was made by increasing the vertical resolution
of the 16L, with no other adjustments to the model
code. Optimization trials are underway to improve the
simulated 28L precipitation distributions by adjusting
coefficients that determine the strength of horizontal
moisture convergence, by adjusting the steepness of
topographic relief and by decreasing internal horizontal
smoothing of variables.
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